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Abstract: Mathematical modelling of helminth infections
has the potential to inform policy and guide research for the
control and elimination of human helminthiases. However,
this potential, unlike in other parasitic and infectious
diseases, has yet to be realised. To place contemporary
efforts in a historical context, a summary of the development
of mathematical models for helminthiases is presented.
These efforts are discussed according tothe role thatmodels
can play in furthering our understanding of parasite
population biology and transmission dynamics, and the
effect on such dynamics of control interventions, as well as
in enabling estimation of directly unobservable parameters,
exploration of transmission breakpoints,and investigation of
evolutionary outcomes of control. The Disease Reference
GrouponHelminthInfections(DRG4),establishedin2009by
the Special Programme for Research and Training in Tropical
Diseases (TDR), was given the mandate to review helmin-
thiases research and identify research priorities and gaps. A
research and development agenda for helminthiasis mod-
elling is proposed based on identified gaps that need to be
addressed for models to become useful decision tools that
can support research and control operations effectively. This
agendaincludesthe useof modelsto estimate theimpactof
large-scale interventions on infection incidence; the design
of sampling protocols for the monitoring and evaluation of
integrated control programmes; the modelling of co-
infections; the investigation of the dynamical relationship
between infection and morbidity indicators; the improve-
ment of analytical methods for the quantification of
anthelmintic efficacy and resistance; the determination of
programme endpoints; the linking of dynamical helminth
models with helminth geostatistical mapping; and the
investigation of the impact of climate change on human
helminthiases. It is concluded that modelling should be
embedded in helminth research, and in the planning,
evaluation, and surveillance of interventions from the outset.
Modellers should be essential members of interdisciplinary
teams, propitiating a continuous dialogue with end users
and stakeholders to reflect public healthneeds in the terrain,
discuss the scope and limitations of models, and update
biological assumptions and model outputs regularly. It is
highlighted that to reach these goals, a collaborative
framework must be developed for the collation, annotation,
and sharing of databases from large-scale anthelmintic
control programmes, and that helminth modellers should
join efforts to tackle key questions in helminthepidemiology
and control through the sharing of such databases, and by
using diverse, yet complementary, modelling approaches.
Introduction
It is generally accepted that mathematical models have an
important role to play in our understanding of the processes
underlying observed epidemiological patterns of the helminthic
diseases that afflict humankind. Models have been shown to
provide important insights into the mechanisms responsible for
persistence, resilience, and stability of helminth infections. A key
example is the dependence on parasite density, a concept foreign
to most other infectious diseases [1]. However, in very few cases
has the potential of models to provide critical insights to inform
helminth research and practice at laboratory, clinical, epidemio-
logical, operational, or policy levels been reached. An exception to
this is the use of the microsimulation model ONCHOSIM by the
Onchocerciasis Control Programme in West Africa (OCP) [2].
Notably absent has been the development of models to investigate
or prepare for emerging/re-emerging infections and public health
research, particularly in the context of the challenges posed by
ambitious control and elimination programmes. This omission
limits our ability to understand and predict population behaviour,
under anthropogenic or natural change (including control
interventions and climate change), of multi-host parasite systems,
multi-parasitised host populations, parasites with complex
transmission routes, transmission involving various vectors or
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The appreciation of the key contribution that helminth
modelling can potentially make to research and policy for the
control and elimination of helminth diseases of humans was
recognised in the identification of mathematical modelling as one
of the five umbrella priorities of the Disease Reference Group on
Helminthiases (DRG4) [3], established by the Special Programme
for Research and Training in Tropical Diseases (TDR). Among
the objectives of the modelling group were those of reviewing the
current status of mathematical models for helminth infections of
humans, placing it in a historical and a contemporary perspective,
identifying recent advances and research gaps in helminth
modelling, defining priorities and time horizons for the closing
of such gaps, and outlining a research and development agenda for
modelling within a more comprehensive research agenda for the
control and elimination of human helminthiases.
In this paper, salient historical developments in helminth
infection modelling are outlined, a summary of current frame-
works and their main features is presented, and key modelling
priorities to aid the implementation, monitoring and evaluation
(M&E), and surveillance of programmes for the control and
elimination of the human helminth infections under the remit of
the DRG4 are discussed, with a focus on the soil-transmitted
helminthiases (STHs), intestinal and urinary schistosomiasis, the
filariases (lymphatic filariasis [LF] and onchocerciasis), food-borne
trematodiases, and taeniasis/cysticercosis. Although a discussion of
models for helminthiases of veterinary importance is outside the
scope of this paper, we direct the readers to the excellent resource
of [4], and will refer to these models when they have informed
thinking on helminthic diseases of humans (e.g., models for
investigation of anthelmintic resistance). Box 1 lists the abbrevi-
ations used in this paper.
A Brief History of Helminth Models
The first quantitative approach to the study of helminth
infection is due to Ko ´stitzin [5], who in 1934 presented a
formulation to describe the flow of hosts along a series of infection
categories defined by increasing worm burden, introducing the all
important notion of parasite density. Using surveys of parasite
prevalence with age, Hairston in 1965 estimated rates of
acquisition and loss of schistosomiasis by applying for the first
time catalytic, force of infection models to the analysis of helminth
infections [6]. During the same year, it was Hairston who first used
snail and helminth life-tables to estimate the reproduction ratio of
schistosomes at endemic equilibrium as well as the transmission
probabilities between definitive and snail hosts from field data [7].
Also in 1965, Macdonald formulated mathematically the mating
probability for a (randomly distributed) helminth species with
separate (male and female) sexes (known as dioecious parasites),
and introduced the concept of the transmission breakpoint [8]
with reference to schistosomiasis. Whilst these formulations had
been deterministic, Tallis and Leyton in 1966 [9] were the first to
present stochastic models for the dynamics of dioecious parasites in
their vertebrate hosts motivated by directly transmitted helminth
species of veterinary importance; Leyton in particular formulated
sexual mating functions in 1968 [10], and Tallis and Leyton
introduced in 1969 the immigration-death framework [11].
During the 1970s there were important theoretical developments
with a focus on schistosomiasis (Na ˚sell and Hirsch in 1972 and
1973 [12,13]; Na ˚sell in 1976 [14,15]; Cohen [16] and May [17] in
1977; Barbour in 1978 [18]), and on the vector-borne filarial
nematodes (Dietz in 1976 [19]). In 1975, the commencement of
the Onchocerciasis Control Programme in West Africa (OCP)
would act as a catalyst for the use of epidemiological models in
large-scale interventions [2], and in 1982 Dietz [20] presented
deterministic and stochastic onchocerciasis models. From this time
onwards there has been a great increase in the development of
mathematical models for human helminthiases (see Table S1);
thus, we focus here on some salient contributions, highlighting the
models of Anderson and co-workers [21–25] in the 1980s, and the
stochastic microsimulation approaches [1,26–28] and their
deterministic counterparts [29–31] of the 1990s. Since the year
2000 there has been an unprecedented global effort to control
human parasitic infections at much larger geographical scales than
previously, but it is our contention that this has not been
accompanied by a proportionate increase in the influence that
mathematical models could have in supporting such programmes.
Figure 1 provides a schematic timeline of the development of
helminth models.
Current Status of Mathematical Models for
Human Helminthiases
Although various mathematical models can be recognised in
this context, including statistical models that have important roles
in hypothesis testing and parameter estimation [32], the focus in
this review is on population dynamics models. Parasite population
dynamics models seek to describe the changes with respect to time
(and host age where appropriate) of parasite abundance (infection
prevalence and intensity) in humans and intermediate hosts or
vectors at baseline (endemic equilibrium, prior to control) and
during an intervention. They are based on our current
understanding of the parasites’ population biology and transmis-
sion dynamics, and describe how the life stages in the definitive
host, environment, or intermediate hosts/vectors are inter-
connected in the parasite’s life cycle through contact, transmission,
Box 1. List of Abbreviations
ABR, annual biting rate
APOC, African Programme for Onchocerciasis Control
DRG4, Disease Reference Group on Helminth Infections
DtW, Deworm the World
GNNTD, Global Network for Neglected Tropical Diseases
GPELF, GlobalProgramme toEliminateLymphaticFilariasis
LF, lymphatic filariasis
malERA, Malaria Eradication Research Agenda
MDA, mass drug administration
MIDAS, Models of Infectious Disease Agent Study
M&E, monitoring and evaluation
NTD, neglected tropical disease
OCP, Onchocerciasis Control Programme in West Africa
OEPA, Onchocerciasis Elimination Program for the
Americas
PPC, Partners for Parasite Control
R0, basic reproduction ratio
RE, effective reproduction ratio
SCI, Schistosomiasis Control Initiative
STHs, soil-transmitted helminthiases
TBR, threshold biting rate
TDR, Special Programme for Research and Training in
Tropical Diseases
UNICEF, United Nations Children’s Fund (formerly United
Nations International Children’s Emergency Fund)
UNDP, United Nations Development Programme
WHO, World Health Organization
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deterministic or stochastic, population-based or individual-based,
and may track infection intensity and/or infection prevalence (for
a glossary of these approaches in helminth modelling, see [33] and
Box 2 therein).
In this review, the role that mathematical models can play in
various activities will be examined. These include: i) encapsulating
current understanding of the population biology of the parasite,
enabling study and description of the determinants of endemic
(pre-control) equilibrium; ii) facilitating exploration of the impact
on infection and morbidity of different control scenarios (e.g.,
single intervention strategies, modes of delivery, combinations of
interventions); iii) estimating unknown or unobservable parameters
by fitting models to data; iv) investigating the conditions for
parasite elimination and the behaviour of the host–parasite system
in the vicinity of transmission breakpoints; and v) exploring the
evolutionary outcomes of control (e.g., spread of anthelmintic
resistance). Table S1 presents a (non-exhaustive) summary of
current mathematical models for helminth parasites, emphasising
those with public health implications, and illustrates their use for
each of these roles.
Models for Helminth Population Biology
Helminth parasite population models explore the impact of
various population and regulatory processes regarding the rates of
parasite establishment, development, mating, fecundity, survival,
and transmission, as well as the impact of overdispersed parasite
distributions among definitive and vector hosts [1]. These models
can be fitted to baseline data and can be used to contrast
hypotheses about the generation and consequences of infection
heterogeneity, and the operation of density-dependent (including
immunologically mediated) processes, among others, by compar-
ing statistically the resulting fits [34]. These models can be updated
as new data and knowledge become available. The interactions
between positive (facilitating) and negative (constraining) regula-
tory processes (Text S1), and of these with parasite distribution and
anthelmintic treatment, have been investigated [24,35,36].
Models for Exploration of Control Scenarios
Once the model has been developed and calibrated with
appropriate parameter values (specific to the helminth–host system
and location), it can be run until the endemic equilibrium steady
state has been attained, after which interventions such as
antiparasitic, antivectorial, snail control, and other measures
[37] may be simulated. Among the antiparasitic measures that
have been explored with models are the effects of chemothera-
peutic treatment distributed either in the modality of mass drug
administration (MDA), age-targeted (e.g., school-aged children),
selective treatment (of given occupational groups) [24,38], or
vaccination [39,40].
Assumptions regarding parasite life span and distribution of
survival times, treatment efficacy, drug actions against various
Figure 1. A historical timeline of mathematical models for helminthiases. Some of the pivotal papers that provided the foundation to the
mathematical frameworks that are used for modelling helminth infections are highlighted (for a detailed explanation see main text; for a summary of
current models see Table S1). Most of the work published until the 1980s (with the exception of papers by Hairston) largely consisted of theoretical
frameworks that were motivated, but not fitted to epidemiological data. From that point onwards there has been an increased interest in
parameterising models with data on the natural history of the infections, moving away from purely theoretical explorations. The deterministic and
microsimulation models of the 1990s were strongly linked to the notion of providing decision support to control programmes (e.g., ONCHOSIM and
the OCP in West Africa). Since the year 2000 there has been a steep increase in large-scale initiatives mostly reliant on anthelmintic drugs for the
control and elimination of these parasitic infections, but this has not yet been accompanied by a comparable impetus towards using robust
modelling to inform and guide such initiatives, though the GPELF has used LYMFASIM and EpiFil, and the SCI has used modified versions of
EpiSchisto.
doi:10.1371/journal.pntd.0001548.g001
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can be incorporated and investigated [41]. Some models have also
included acquired, protective immunity and looked at its
interactive effect with control interventions [42,43]. Model
validation at this stage has been usually conducted by comparing
how well model outputs reproduce observed data and resulting
epidemiological trends during the intervention(s) under investiga-
tion [29]. Such model outputs may represent changes in worm
burden, prevalence of infection and heavy infection, and changes
in associated morbidity [44]. The latter itself requires careful
investigation of disease outcomes related to infection, taking into
account that co-infection with other parasites may be present, and
that it is still unclear how present or past infection relates to
measurable morbidity. However, a close fit between observed data
and model outputs does not necessarily mean the model has
captured the true underlying processes. The process of assessing
structural validity, i.e., ascertaining that the model exhibits the
right behaviour for the right reasons, is considered to be a more
stringent measure of validation and has led to the devising of
formal structural validity procedures. These include verification of
structural assumptions (whether model structure is consistent with
relevant and updated knowledge of the system being modelled)
and parameter assumptions (model calibration), among others
[45]. The literature on model validation is ample and controversial
[46], as there are no fixed and universally agreed standards for
selecting what test procedures or criteria to use for validation [47].
Stochastic models that incorporate parameter uncertainty can
produce model outcomes ranging between upper and lower
bounds, within which the data may be contained. Use and
development of statistical methods for model fitting and
comparison (both between alternative models, and between model
outcomes and data) constitute an area of active research to be
encouraged in the field of helminth mathematical models. This
would strengthen our ability to understand and represent
underlying processes and interpret modelling results. Although
deterministic, population-based models may be suitable to
investigate the average parasite population behaviour during the
simulated control strategy, stochastic, individual-based models are
more appropriate to investigate the probability of parasite
elimination. However, Allee-type effects, introduced by facilitating
density dependencies, allow elimination to occur in deterministic
frameworks too [48].
Models for Estimation of Directly Unmeasurable
Parameters
With increasing use of advanced statistical methods (more
recently including Bayesian approaches) that can now be
implemented given the current availability of faster computing
and more efficient algorithms, parasite epidemiology researchers
are able to fit dynamic models to data for estimation of unknown
parameters of interest. This has permitted estimation of parasite
life span [49,50]; treatment efficacy and drug effects on different
parasite life stages [51,52]; variation in host immune response to
parasite life stages [53]; and transmission parameters such as
parasite establishment rates [54,55]. Such information is highly
relevant but difficult to obtain by direct observation and/or
experimentation. Recent examples in the field of schistosomiasis
include measuring the transmission between hosts and snails in
multi-host models of Schistosoma japonicum [56], and measuring the
reductions in the force of infection (incidence of new infections) of
S. mansoni resulting from large-scale implementation of praziquan-
tel treatment [57]. However, there are also likely to be situations
for which it is difficult to estimate separately highly correlated
parameters, regardless of using the most advanced statistical
methods. In these instances it may be necessary to either aggregate
parameters in composite terms or seek data that may shed light on
processes that are directly unmeasurable.
Models for Helminth Elimination
Although the goal of some programmes is that of morbidity
control and elimination of the public health burden of the diseases
(STHs, schistosomiasis and, up until recently, onchocerciasis in
Africa), others aim at interruption of transmission and eventual
elimination of the parasite reservoir (LF, onchocerciasis through
vector control/elimination in Africa, onchocerciasis in Latin
America, dracunculiasis). The models to inform parasite elimina-
tion should generally be stochastic because as parasite density
decreases, stochastic variations (and stochastic fade-out) will be
more important than the mean behaviour. (This is partly due to
demographic stochasticity; worms are individuals, not fractions.)
As the simulated intervention programmes reach their end points,
the parasite population will die out in some model runs but not in
others. By undertaking many model runs, each model run with a
different set of parameter values randomly chosen from a plausible
range, statements can be made regarding the probability of
parasite elimination that will result from a given intervention or
combinations thereof [41,58]. This would permit investigation of
the influence of factors such as initial endemicity level,
transmission intensity, host heterogeneity (exposure, susceptibility,
predisposition), parasite overdispersion, vector or intermediate
host competence and vectorial capacity (the latter including vector
density and biting rate on humans), treatment frequency, duration
and coverage required, synergistic effects of vector/snail control,
etc.
Whereas programmes aimed at morbidity control may benefit
from age-targeted chemotherapy of those hosts at higher risk of
acquiring heavy infection and subject to the greatest morbidity,
parasite elimination will require prolonged mass treatment of all
Box 2. Summary Points for Mathematical
Modelling of Helminthiases
N Mathematical modelling should be embedded in the
global research agenda for human helminth infections,
as it has the potential to guide all stages of helminth
control and elimination efforts, from their design and
implementation, monitoring and evaluation, to post-
control surveillance
N At present, this potential has not been fully realised in
the area of helminth epidemiology and control, in
contrast with other parasitic and infectious diseases
(e.g., malaria, HIV)
N A major limitation is the lack of coherent and
harmonised frameworks for the collating, curating, and
sharing of databases from longitudinal studies and large-
scale helminth control programmes for their use by
modellers
N In turn, helminth modellers should commit to a
collective effort encompassing both common questions
and different modelling approaches enabling key issues
in helminth epidemiology and control to be investigated
collaboratively, yet from different analytical perspectives,
using the best available data
N A continuous dialogue between modellers/statisticians
and users/stakeholders would iron out many difficulties
and help realise the potential of models to become fully
embedded into parasite control strategies
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communities if parasite eradication is the goal. (For definitions of
parasite control, elimination, eradication, and extinction see [59].)
Such elimination strategies will substantially shrink the size of
susceptible parasite refugia (populations of untreated parasites, not
subjected to drug pressure [60]), an important factor influencing
the spread of anthelmintic resistance. Parasite elimination
programmes that rely on chemotherapy alone must therefore
put in place careful surveillance systems for prompt detection of
transmission resurgence, suboptimal parasite clearance rates, and
monitoring of drug efficacy (parasite susceptibility). The same
applies for those programmes relying on vector/snail control
because of the possibility of insecticide/molluscicide resistance.
Transmission Thresholds and Breakpoints
Transmission breakpoints should not be confused with the
threshold for transmission, known as the basic reproduction
number or R0, or related parameters such as the threshold biting
rate (TBR) in vector-borne infections [20]. Transmission break-
points refer to finite parasite densities below which the parasite
population would not be able to maintain itself; the basic
reproduction number is, by definition, density independent. R0
represents the threshold condition for parasite invasion and
persistence, as it has to be greater than 1 for the parasite
population to reach its endemic state. It is possible to rearrange the
equations of R0 for each helminth infection to derive threshold
population sizes of definitive, intermediate, and vector hosts and
demonstrate, for instance, that STHs can persist in human
populations of much smaller sizes than those required for viral
infections such as measles [61]. For the (vector-borne) filarial
nematodes it is also possible to calculate TBR values below which
the infection would not persist. These depend, in part, on the
proportion of bites that vectors take on humans [20,54,62],
emphasising the important role of measures that reduce vector
density, measured by the annual biting rate (ABR), and vector-
human contact. However, R0 is a somewhat idealised, parasite
density–independent entity. In reality, many transmission process-
es depend on parasite density, so the quantity of interest becomes
the effective reproduction ratio (RE), the composite parameter that
reflects the changes in the transmission potential of a parasite with
changes in parasite density [35,63]. The value of RE will be equal
to 1 at endemic equilibrium (each female worm in the population
replaces itself) and also at the so-called unstable equilibrium, the
‘‘elusive’’ transmission breakpoint or ‘‘holy grail’’ of parasite
elimination. For dioecious parasites (those with separate sexes) and
in those host–parasite systems with facilitating types of density
dependence of the type described in Text S1, there will be unstable
equilibrium parasite densities below which the parasite population
would, in principle, become locally extinct (because females will
not be mated and/or parasites will not establish within humans or
vectors), and above which the parasite population will return to
endemic equilibrium (Text S2 and Figure S1).
Understanding the behaviour of the host–parasite system in the
vicinity of these transmission breakpoints is a priority area of
research that requires the concourse of cross-disciplinary ap-
proaches such as mathematical analysis, knowledge of vector–
host–parasite interactions, parasite population biology, and
epidemiology. The values of helminth transmission breakpoints
are themselves complex dynamic entities influenced by the nature
and magnitude of vector- and host-specific density-dependent
processes, the local characteristics of vector competence and
vectorial capacity in different vector species, the degree of parasite
overdispersion among hosts in the population, and the interactions
of these with the intervention(s) deployed [48,63–65]. This
highlights the problems faced in trying to obtain a single, ‘‘one
size fits all’’, infection breakpoint value that can be applied across a
variety of epidemiological settings, suggesting that the end game in
parasite elimination programmes will have to respond flexibly and
adaptively to the locale-specific microepidemiology of infection in
endemic communities [66].
Models for Investigation of Evolutionary Outcomes of
Control
Recently, mathematical models of parasite population dynamics
such as those summarised in Table S1 have been modified to
incorporate parasite genetic structure with regard to drug
susceptibility [67–69]. These models have permitted, for example
in the filarial nematodes, theoretical exploration of the spread of
putative resistance alleles under various assumptions of the
genetics of drug resistance (how many loci would be involved,
whether or not these are linked [inherited together], whether
anthelmintic resistance is conferred by recessive alleles) and
parasite inbreeding.
As part of the M&E strategies, models can also assist, in critical
ways, in the design of treatment efficacy and effectiveness studies;
phenotypic characterisation of responses to treatment [70]; and
design of sampling protocols for the study of parasite genetic
structure under treatment, thereby facilitating prompt detection of
anthelmintic resistance [71].
With regard to schistosomes, a model including time delays,
mating structure, multiple resistant strains, and additional
biological complexity associated with the parasite’s life cycle has
been used to explore the impact of drug treatment on resistant
strain survival. This model suggests that time delays make it more
likely for drug-resistant strains to spread in a parasite population
[72,73]. Other models, in which resistance has a fitness cost, in
terms of reduced reproduction and transmission, have been used
to infer the impact of drug treatment on the maintenance of
schistosome genetic diversity. The likelihood that resistant strains
will increase in frequency depends on the interplay between their
relative fitness, the cost of resistance, and the degree of selection
pressure exerted by the drug treatments [72,74].
Research Gaps in Helminth Modelling
Most of our understanding of parasite population biology and
subsequent modelling efforts have focused on the study of endemic
equilibrium situations. Frameworks that explore the impact of
control scenarios do so based on the same assumptions made when
describing the behaviour of the host–parasite systems at such
endemic equilibrium, and for genetically homogeneous popula-
tions. In only a few of the more recent studies have models been
fitted to data systematically collected during the interventions.
Such studies have been possible because the programmes using
these models have had the foresight and resources to undertake
substantial longitudinal cohort studies [57]. Only very recently
have studies incorporating genetic data on parasite variability
begun to be undertaken [75,76]. Although it is easy to understand
why such robust and critical studies are only now being conducted
(the impetus for global parasite control and elimination efforts has
truly gained momentum in the 21st century, along with the
explosion in genetics), we hold that the need for such well planned
and resourced studies is critical to the success of parasite control
efforts. As we enter the second decade of the 21st century, and
despite global financial difficulties, we hope to move into a period
of sustained parasite control and elimination where feasible.
However, it is widely recognised that current programmes rely on
few tools, predominantly a very limited arsenal of affordable or
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for the most part, unknown), making such programmes particu-
larly vulnerable to the development of anthelmintic resistance
[77].
Critically needed is a renewed focus on the processes that
determine reinfection; investigation of the long-term impact of
changes in exposure and parasite acquisition/mortality on host
immune response; an exploration of the prolonged effects of
anthelmintics on the biology (and particularly the reproductive
biology and mating structure) of the parasites in question; and
finally, improved understanding of the relationship between
infection and disease. Such understanding will enhance the
efficacy and effectiveness of programmes that aim at morbidity
control.
For those programmes that aim at elimination, a priority is the
development and validation of models that account for the
decreased sensitivity of currently available, and often inadequate,
diagnostic tests (see companion review [78]). Such models will aid
the interpretation of complementary serological (antibody and
antigen) measures in study populations, quantify the contribution
to transmission of ultra-low parasite densities, and of major
importance, inform surveillance sampling protocols. Also, the
synergistic effects of adjuvant chemical and non-chemical means of
parasite control (including vector and snail control, mop-up
strategies, environmental modification, and health education) is an
approach that should be explored and exploited [77]. Mathemat-
ical models have a greater potential than has been realised to date
to provide evidence-based decision-making tools to support
anthelmintic control programmes. In order to fully realize this
potential, a greater disposition for dialogue and mutual under-
standing is needed between the architects of such programmes,
their implementers in endemic countries, and the mathematical
and population biologists developing the models (Box 2).
Co-Infections, Multiple Populations, and Niche Shifts
Although many of the populations afflicted by helminthiases are
polyparasitised or co-infected with other pathogen species, most
models consider the dynamics of single-species parasite popula-
tions. The majority of models also ignore spatial structure and are
confined to closed populations of hosts, parasites, and vectors.
More recently, however, models for investigation of the population
dynamic consequences of co-infections [79,80], of multiple,
spatially heterogeneous populations [81], and of connected
(meta-)populations [82] are starting to receive attention. The
further development of these frameworks will constitute important
scientific advances for our understanding of the effects of
interventions affecting some parasite/vector species or zoonotic
reservoirs more strongly than others; the effectiveness of integrated
neglected tropical disease (NTD) control; and the ability of some
parasites, pathogens, intermediate hosts, or vectors to invade/
occupy niches previously used by those species that are most
vulnerable to particular interventions.
Infection and Disease Mapping
Epidemiological and risk mapping integrates observed, geor-
eferenced data and predictive, remote-sensing-derived environ-
mental variables into model-based geostatistical approaches to
indicate areas with different probabilities of infection presence and
severity across chosen geographical scales, aiding national control
programmes to evaluate the extent of the public health problem
posed by helminth infection and deploy appropriate anthelmintic
strategies [83–88]. Readers are referred to the Global Atlas of
Helminth Infections (which at present provides an open-access
information resource on the distribution of STHs and schistoso-
miasis in Africa) at http://www.thiswormyworld.org/.
The effectiveness of integrated NTD control programmes
depends on the degree of geographical overlap between such
diseases. However, in spite of being co-endemic at the country
level, different helminth species may in certain settings exhibit
limited geographical overlap at sub-national scales, necessitating
a more geographically targeted approach [89,90]. Thus, it will be
important to devise optimal strategies for rapidly and simulta-
neously assessing the epidemiology of multiple helminth infec-
tions so as to effectively implement integrated control approaches.
In addition to mapping single infections, risk and prediction of
co-infection mapping should be developed to aid integrated and
cost-effective control [91,92]. Efforts should also be devoted to
linking statistical epidemiological mapping with dynamic epide-
miological modelling such that the outcomes of interventions over
various geographical scales can be simulated and their impact
evaluated.
Morbidity Control and Elimination of Helminthiases as a
Public Health Problem
A major gap in helminthiases research is the development of
statistical and dynamic models linking infection and morbidity.
Rigorous evaluation of programmes aiming at elimination of
helminthiases as a public health problem hinges on assessing the
point at which infection levels have been reduced below those that
no longer represent a disease burden to the individual or the
population. This is an area of ongoing and much needed research.
Recent progress has been made on the use of statistical modelling
to ascertain the relationship between microfilarial load and
blindness incidence as well as excess mortality in onchocerciasis
[93,94], and the relationship between infection and morbidity
indicators in schistosomiasis [95]. In dynamic models, morbidity
has been modelled as a variable depending on the density and
distribution of adult worms [29,31] or of transmission stages (eggs
or larvae) [2], depending on which stages are responsible for most
pathology. More research is needed to ascertain how morbidity
relates to present, lagged, and/or cumulative experience of
infection and co-infection, and to link dynamical models of
infection and disease into the estimation of disease burden and
cost-effectiveness analysis of interventions.
Cost-effectiveness analysis using parameterised dynamic infec-
tion models enables the long-term effectiveness of an intervention
to be estimated [96–98], avoiding the limitation of so-called static
economic models [97], which consider only the effectiveness of an
intervention at a particular point in time (e.g., [99,100]) or over a
limited period of follow-up (e.g., [101,102]). This permits a more
comprehensive assessment of effectiveness and allows interventions
that elicit different dynamics to be compared fairly. For example,
ivermectin (a microfilaricide) elicits a pronounced yet transient
reduction in the numbers of Onchocerca volvulus microfilariae in
human skin [52], while doxycycline (a macrofilaricide) causes a
gradual but sustained reduction [103]. A fair comparison of the
effectiveness of these drugs must account for the markedly different
durations over which they act. Linking infection models to the
prevalence of disease and associated morbidities [29,30] further
improves the capacity to capture the full benefits of an intervention
[97,98], and the predictive capability of models permits a priori
comparison of a range of intervention strategies under various
scenarios [96,98]. Cost-effectiveness analysis using dynamic
infection models needs to be further developed and made more
accessible as a decision-making tool for the planners and
implementers of control initiatives.
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Although it is well recognised that the transmission of
helminthiases is strongly conditional on biotic and abiotic
environmental factors, the latter including temperature, relative
humidity, rainfall patterns, and hydrology, there are scarce data
documenting the effects of these factors on life history traits of
parasites, vectors, and intermediate hosts. Therefore, the impact of
environment-driven changes on population dynamics and direct
and indirect effects on transmission is poorly understood. This
incomplete mechanistic understanding of environment–helminth
disease interactions is reflected in the fact that mathematical
models for such diseases have seldom included the effects of
environmental processes on transmission dynamics. Recent
modelling work on schistosomiasis japonica is addressing these
deficiencies [104–106], which constitute an important research
gap in the modelling of human helminthiases.
Linked to an increased awareness of the environmental
determinants of infectious disease transmission, the effect of global
warming on human health is an important topic that has received
much interest in recent years. However, the precise effects of
climate change on vector competence, duration of extrinsic
incubation periods, survival of vectors, intermediate hosts, and
reservoirs, and parasite transmission cycles in general remain
poorly understood for the helminthiases [107].
There are two principal strategies for managing or reducing the
risks of environmental change: mitigation and adaptation. The
former seeks to reduce the presence and strength of anticipated
risk factors (when these are known). The latter accepts that some
degree of environmental change is inevitable and seeks to limit its
negative impacts by encouraging and investing in preparedness.
Both mitigation and adaptation will require detailed assessment of
the existing distribution of the infections, their vectors, and
intermediate/definitive hosts, and of the environmental determi-
nants to which these are sensitive, including temperature,
humidity, rainfall, vegetation cover, changes in the distribution
and nature of water bodies, and modifications to agricultural and
husbandry practices, among others [108]. The combined impact
of these determinants on the transmission cycles of and rates of
exposure to helminth infections of humans is poorly understood,
and relevant information remains scattered in the literature,
calling for systematic phenology reviews and experimental
investigation. The results of these will help parameterise models
with which to predict the consequences of climate change on the
incidence and severity of human helminthiases. Among the few
available modelling studies are those assessing the potential impact
of rising temperature on the transmission of schistosomiasis [109–
112]. Table S1 reveals a striking paucity of models for the
transmission dynamics, control, and morbidity due to cestode
infections, which needs to be addressed in light of climate change
and its impact on agricultural and farming practices.
A Research and Development Agenda for the
Mathematical Modelling of Helminth Infections of
Humans
In view of the historical (summarised above) and recent (Table
S1) advances in mathematical modelling, and the identified
research gaps and priorities for helminth epidemiology and
population biology (Table S2), and mathematical modelling
(Table S3), a research and development agenda requires the
development of models that will be essential to advance
helminthiasis control. Such models will lead to the identification
of novel tools, critical research, and programmatic approaches that
will be required for elimination of the public health problem posed
by these infections or the infection reservoirs themselves (Box 3).
Models will be essential for:
i) estimating the impact of large-scale interventions on
the incidence of infection and disease;
ii) designing sampling protocols for the M&E of
integrated control programmes;
iii) facilitating the understanding of co-infections;
iv) investigating the relationship between infection and
morbidity;
v) improving analytical methods for the quantification of
anthelmintic efficacy and resistance;
vi) determining programme end points;
vii) linking dynamic helminth models with helminth
geostatistical mapping; and
viii) investigating the impact of environmental and climate
change drivers on human helminthiases.
Compilation, Curation, and Sharing of Databases
An essential prerequisite for the advancement of control
through the use of modelling tools, is that of high quality, openly
accessible data. In this respect, a major impediment to the
development of modelling as a useful decision-support tool for
helminth control programmes is the lack of coherent and
harmonised frameworks for the collating, annotating, curating,
and sharing of databases from helminth control programmes and
reinfection studies, past and present, for their use by the
community of modellers. Some steps in the right direction can
be seen in initiatives such as the Global NGO Deworming
Inventory, which collects treatment data from nongovernmental
organisations (NGOs) around the world that provide anthelmintic
drugs to treat STHs, schistosomiasis, and/or LF (http://www.
deworminginventory.org/), and the World Health Organization
(WHO) Preventive Chemotherapy (PCT) data bank, which
collects treatment data from governmental health agencies
(http://www.who.int/neglected_diseases/preventive_chemotherapy/
databank/en/index.html). Databases such as those of the OCP, the
African Programme for Onchocerciasis Control (APOC), the
Onchocerciasis Elimination Program for the Americas (OEPA) (not
included in the above-mentioned WHO data bank), the Schistosomi-
asis Control Initiative (SCI), and the Global Programme to Eliminate
Lymphatic Filariasis (GPELF), among others, should be made openly
accessible and available by the custodians of those data, under mutually
agreeable protocols, to a broad diversity of modelling groups to
facilitate the application of a variety of quantitative approaches for the
resolution of key epidemiological and operational questions. This, in
turn, will facilitate the dissemination of model outputs to the
community of users, stakeholders, and contributors to the collection
of such data. For this to be achieved, helminth modellers should
commit to a collective effort, encompassing both common questions
and complementary modelling approaches to enable key issues in
helminth population biology and control to be investigated collabo-
ratively, yet from different analytical perspectives, and using the best
available data.
Examples of such initiatives exist in the areas of mathematical
modelling of other infections, such as that proposed by the
malERA Consultative Group on Modelling for malaria eradica-
tion [113], and MIDAS (Models of Infectious Disease Agent
Study) for the modelling of emerging infectious diseases and
outbreaks [114], and are partly responsible for the increasing
success of mathematical modelling in influencing public health
policy and practice to a much greater degree than it has been
possible to date in tackling the problem of helminthiasis [115].
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Multiple Actors
A closer collaboration between biometrician and [parasitol-
ogist], and a better acquaintanceship of each with the
methods of the other, is one of the most useful things we can
work for today. —L. W. Hackett (1937) [116].
Helminth infections affect disproportionally, and impose their
highest burdens on the least privileged and most impoverished
populations of the planet. Yet, very few mathematical models have
been used by policy-makers to support evidence-based decisions in
the context of the implementation and M&E of helminth control
programmes. The reasons for this missed opportunity are
multifarious, but they must be understood and overcome if the
full potential of policy-relevant models and modelling studies in
general is to be realised. On the one hand, model outputs may not
be easily interpretable to the non-expert, or may not have a direct
relationship with the assays/indicators (and their limitations) that
are used by the control programmes to monitor intervention
progress. Policy-makers may be influenced by the political need to
demonstrate success, in the face of modelling outputs highlighting
concerns. The clear-cut answers that may be demanded or
required may not be met by models, and, importantly, the
implications of model assumptions and uncertainties may not be
fully appreciated.
On the other hand, modellers may not have made sufficient
efforts to communicate their findings to non-specialised audiences,
and to translate model outputs into readily understood and
epidemiologically relevant measures of infection and morbidity.
There is a clear need to create user-friendly interfaces for
advocacy, education, and ease of application by end users. There
is a risk that field workers may feel dispossessed when their hard-
earned data are taken by modellers and repackaged into elegant
publications that bear little relationship with reality, or which fail
to appropriately acknowledge the difficulties experienced by those
collecting and collating the data. More importantly, in the context
of parasite control, the questions explored by modellers may not
be motivated or sharpened by the needs of the stakeholder and
end user (scientific and other) communities. This brings the
challenge of engaging multiple actors to the fore. There is a risk
that empiricists may not appreciate the potential contribution of
modellers, considering them as theoreticians; modellers may risk
simplification of biological complexity to facilitate model tracta-
Box 3. Research and Development Agenda for Modelling
Few mathematical models have been effectively used to
support decisions in the context of the implementation and
evaluation of helminth control programmes. To realize the
full potential of policy-relevant models, it will be necessary
to:
N Fit models to longitudinal data:
i) Estimate changes in exposure and force of infection
(incidence) to evaluate impact of control programmes and
refine control strategies (frequency and duration of
interventions)
ii) Evaluate temporal trends and modalities of treatment
frequency, duration, coverage, adherence, and their
impact on transmission and infection
iii) Analyse longitudinal immuno-epidemiological studies to
investigate the impact of anthelmintic treatment on the
strength and duration of immune responses
N Aid the design of sampling protocols for monitor-
ing and evaluation and surveillance particularly for
the integrated control of co-infecting neglected tropical
diseases
N Develop and validate mathematical models for co-
infections to ascertain how control/elimination goals may
be altered by synergistic/antagonistic interactions be-
tween helminths (or between helminths and other
parasites) in polyparasitised populations
N Refine models for the relationships between infec-
tion and morbidity indicators that take into account
present and cumulative effects for evaluation of disease
burden and the impact on such burden of control
interventions
N Develop further cost-effectiveness analysis using
dynamic infection models as a decision-making tool for
planners and implementers of control initiatives
N Guide assessment of anthelmintics efficacy and
effectiveness:
i) Improve current quantitative methods to measure
drug efficacy
ii) Identify factors involved in the manifestation of well-
characterised suboptimal responses to treatment,
including drug resistance and non-parasite genetic
factors
iii) Develop models linking parasite phenotypic and
genotypic data regarding treatment responses
iv) Develop models merging helminth population biology
and population genetics to investigate the spread and
mitigation of anthelmintic resistance
N Investigate and determine end points and trans-
mission breakpoints from programmatic view-
points:
i) Integrate models with data to explore the dynamics of
transmission breakpoints for the host–parasite combina-
tions prevailing in endemic areas
ii) Use modelling to update and refine assumed elimination
thresholds
N Link Bayesian geostatistical mapping with dy-
namic helminth models to simulate interventions
alone or in combination and evaluate their impact at
different geographical scales and endemicity levels
N Develop models for investigation of climate
change on helminth infections and their control:
i) Conduct literature reviews, and experimental/observa-
tional studies and parameter estimation
ii) Develop and calibrate models taking into account the
interaction between the biology of the infection and
climate-driven environmental variables
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frustrated by the inherent uncertainty of model outputs.
Notwithstanding these difficulties, a continuous dialogue
between quantitative epidemiologists and those implementing
control programmes is essential. If modellers and statisticians are
involved from the outset during the early phases of funding
applications, programme design and implementation, and subse-
quent M&E, unrealised value will accrue, including the resolution
of the many difficulties that inevitably will arise. This approach
will help realise the potential of models that are fully embedded
into control and elimination strategies to greatly facilitate the
control of the helminth infections of humankind.
Supporting Information
Figure S1 Basic and Effective Reproduction Ratios
(PDF)
Table S1 Summary of Mathematical Models for Human
Helminthiases
(PDF)
Table S2 Gap Analysis for Helminth Epidemiology
(PDF)
Table S3 Gap Analysis for Mathematical Models
(PDF)
Text S1 Facilitation and Limitation
(PDF)
Text S2 Basic and Effective Reproduction Ratios
(PDF)
Acknowledgments
This review was prepared following deliberations of the Disease Reference
Group on Helminth Infections (DRG4), which forms part of an
independent ‘‘think tank’’ of international experts, established and funded
by the Special Programme for Research and Training in Tropical Diseases
(TDR) to identify key research priorities through the review of research
evidence and input from stakeholder consultations. The authors wish to
thank all remaining members of the DRG4, namely, Sara Lustigman
(Chair), Boakye A. Boatin (Co-Chair), Mike Y. Osei-Atweneboana (Career
Research Fellow), Kwablah Awadzi, Banchob Sripa, M. Barakat, He ´ctor
Hugo Garcı ´a, Andrea Gazzinelli, Warwick N. Grant, and Elie ´zer K.
N’Goran. Poppy Lamberton commented on the white papers that
preceded this review. The DRG4 are also grateful to Ayoade Oduola,
Michael Wilson, Arve Lee Willingham, Deborah W. Kioy, and other TDR
staff for facilitation. TDR is a programme executed by the World Health
Organization (WHO) and co-sponsored by UNICEF, UNDP, the World
Bank, and the WHO. Further information on all the Disease and Thematic
Reference Groups, as well as on the related Global Report on Research for
Infectious Diseases of Poverty, can be found on the TDR website at http://
www.who.int/tdr/stewardship/research-think-tank/en/).
References
1. Anderson RM, May RM (1985a) Helminth infections of humans: mathemat-
ical models, population dynamics, and control. Adv Parasitol 24: 1–101.
2. Habbema JDF, Van Oortmarssen GJ, Plaisier AP (1996) The ONCHOSIM
model and its use in decision support for river blindness control. In: Models for
Infectious Human Diseases. Their Structure and Relation to Data Isham V,
Medley G, eds. 360 380 p. Publications of the Newton Institute Cambridge:
Cambridge University Press.
3. Boatin BA, Basa ´n ˜ez MG, Prichard RK, Awadzi K, Barakat RM, et al. (2012) A
research agenda for helminth diseases of humans: towards control and
elimination. PLoS Negl Trop Dis 6: e1547. doi:10.1371/journal.pntd.0001547.
4. Smith G (1992) Modelling helminth population dynamics. In: Perry BD,
Hansen JW, eds. Modelling vector-borne and other parasitic diseases.
Proceedings of a workshop organized by ILRAD in collaboration with FAO,
23–27 November 1992, Nairobi, Kenya. Available: http://www.fao.org/
Wairdocs/ILRI/x5441E/x5441e05.htm#modelling helminth population dy-
namics. Accessed 29 March 2012.
5. Ko ´stitzin VA (1934) Symbiose, parasitisme et e ´volution (e ´tude mathe ´matique).
Actualite ´s Scientifiques et Industrielles, No. 96. Paris: Hermann. 48 p.
6. Hairston NG (1965) An analysis of age-prevalence data by catalytic models.
A contribution to the study of bilharziasis. Bull World Health Organ 33:
163–175.
7. Hairston NG (1965) On the mathematical analysis of schistosome populations.
Bull World Health Organ 33: 45–62.
8. Macdonald G (1965) The dynamics of helminth infections, with special
reference to schistosomes. Trans R Soc Trop Med Hyg 59: 489–506.
9. Tallis GM, Leyton MK (1966) A stochastic approach to the study of parasite
populations. J Theor Biol 13: 251–260.
10. Leyton MK (1968) Stochastic models in populations of helminthic parasites in
the definitive host. II. Sexual mating functions. Math Biosci 3: 413–419.
11. Tallis GM, Leyton MK (1969) Stochastic models of populations of helminthic
parasites in the definitive host. I Math Biosci 4: 39–48.
12. Na ˚sell I, Hirsch WM (1972) A mathematical model for some helminthic
infections. Comm Pure Appl Math 25: 459–477.
13. Na ˚sell I, Hirsch WM (1973) The transmission dynamics of schistosomiasis.
Comm Pure Appl Math 26: 395–453.
14. Na ˚sell I (1976a) A hybrid model of schistosomiasis with snail latency. Theor
Popul Biol 10: 47–69.
15. Na ˚sell I (1976a) On eradication of schistosomiasis. Theor Popul Biol 10:
133–144.
16. Cohen JE (1977) Mathematical models of schistosomiasis. Ann Rev Ecol Syst
8: 209–233.
17. May RM (1977) Togetherness among schistosomes: its effects on the dynamics
of the infection. Math Biosci 35: 301–343.
18. Barbour AD (1978) Macdonald’s model and the transmission of bilharzia.
Trans R Soc Trop Med Hyg 72: 6–15.
19. Dietz K (1976) The transmission dynamics of some helminthic diseases. In:
Proceedings of the 9th International Biometric Conference. Invited Papers,
volume II 175–188. Boston, August 22–27, 1976 Raleigh: The Biometric
Society.
20. Dietz (1982) The population dynamics of onchocerciasis. In: Anderson RM,
ed. Population dynamics of infectious diseases 209–241, London: Chapman
and Hall.
21. Anderson RM (1982) The population dynamics and control of hookworm and
roundworm infections. In: Anderson RM, ed. Population dynamics of
infectious diseases 67–108, London: Chapman and Hall.
22. Anderson RM, Gordon DM (1982) Processes influencing the distribution of
parasite numbers within host populations with special emphasis on parasite-
induced host mortalities. Parasitology 85: 373–398.
23. Anderson RM, May RM (1982) Population dynamics of human helminth
infections: control by chemotherapy. Nature 297: 557–563.
24. Anderson RM, Medley GF (1985) Community control of helminth infections of
man by mass and selective chemotherapy. Parasitology 90: 629–660.
25. Anderson RM, May RM (1985b) Herd immunity to helminth infection and
implications for parasite control. Nature 315: 493–496.
26. Plaisier AP, Van Oortmarssen GJ, Habbema JDF, Remme J, Alley ES (1990)
ONCHOSIM: a model and computer simulation program for the transmission
and control of onchocerciasis. Comput Methods Programs Biomed 31: 43–56.
27. de Vlas SJ, Van Oortmarssen GJ, Gryseels B, Polderman AM, Plaisier AP,
et al. (1996) SCHISTOSIM: a microsimulation model for the epidemiology
and control of schistosomiasis. Am J Trop Med Hyg 55(5 Suppl): 170–175.
28. Plaisier AP, Subramanian S, Das PK, Souza W, Lapa T, et al. (1998) The
LYMFASIM simulation program for modeling lymphatic filariasis and its
control. Methods Inf Med 37: 97–108.
29. Chan MS, Guyatt HL, Bundy DAP, Medley GF (1994) The development and
validation of an age structured model for the evaluation of disease control
strategies for intestinal helminths. Parasitology 109: 389–396.
30. Chan MS, Guyatt HL, Bundy DAP, Booth M, Fulford AJ, et al. (1995) The
development of an age structured model for schistosomiasis transmission
dynamics and control and its validation for Schistosoma mansoni. Epidemiol Infect
115: 325–344.
31. Chan MS, Srividya A, Norman RA, Pani SP, Ramaiah KD, et al. (1998)
EPIFIL: a dynamic model of infection and disease in lymphatic filariasis.
Am J Trop Med Hyg 59: 606–614.
32. Koopman J (2004) Modelling infection transmission. Annu Rev Public Health
25: 303–326.
33. Basa ´n ˜ez MG, Rica ´rdez-Esquinca J (2001) Models for the population biology
and control of human onchocerciasis. Trends Parasitol 17: 430–438.
34. Duerr HP, Dietz K, Schulz-Key H, Bu ¨ttner DW, Eichner M (2004) The
relationships between the burden of adult parasites, host age and the
microfilarial density in human onchocerciasis. Int J Parasitol 34: 463–473.
35. Churcher TS, Ferguson NM, Basa ´n ˜ez MG (2005) Density dependence and
overdispersion in the transmission of helminth parasites. Parasitology 131:
121–132.
36. Churcher TS, Filipe JAN, Basa ´n ˜ez MG (2006) Density dependence and the
control of helminth parasites. J Anim Ecol 75: 1313–1320.
www.plosntds.org 9 April 2012 | Volume 6 | Issue 4 | e154837. Woolhouse MEJ (1992) On the application of mathematical models of
schistosome transmission dynamics. II. Control. Acta Trop 50: 189–204.
38. Poolman EM, Galvani AP (2006) Modeling targeted ivermectin treatment for
controlling river blindness. Am J Trop Med Hyg 75: 921–927.
39. Woolhouse MEJ (1995) Human schistosomiasis: potential consequences of
vaccination. Vaccine 13: 1045–1050.
40. Chan MS, Woolhouse MEJ, Bundy DAP (1997) Human schistosomiasis:
potential long-term consequences of vaccination programmes. Vaccine 15:
1545–1550.
41. Stolk WA, de Vlas SJ, Borsboom GJ, Habbema JDF (2008) LYMFASIM, a
simulation model for predicting the impact of lymphatic filariasis control:
quantification for African villages. Parasitology 135: 1583–1598.
42. Woolhouse MEJ (1991) On the application of mathematical models of
schistosome transmission dynamics. I. Natural transmission. Acta Trop 49:
241–270.
43. Woolhouse MEJ (1996) Mathematical models of transmission dynamics and
control of schistosomiasis. Am J Trop Med Hyg 55(5 Suppl): S144–S148.
44. Chan MS, Srividya A, Norman RA, Pani SP, Ramaiah KD, et al. (1998)
EpiFil: a dynamic model of infection and disease in lymphatic filariasis.
Am J Trop Med Hyg 59: 606–614.
45. Qudrat-Ullah H, Seong BS (2010) How to do structural validity of a system
dynamics type simulation model: the case of an energy policy model. Energ
Policy 38: 2216–2224.
46. Barlas Y, Carpenter S (1990) Philosophical roots of model validation: two
paradigms. Syst Dynam Rev 6: 148–166.
47. Rykiel EJ, Jr. (1996) Testing ecological models: the meaning of validation. Ecol
Model 90: 229–244.
48. Gambhir M, Michael E (2008) Complex ecological dynamics and eradicability
of the vector borne macroparasitic disease, lymphatic filariasis. PLoS ONE 3:
e2874. doi:10.1371/journal.pone.0002874.
49. Plaisier AP, van Oortmarssen GJ, Remme J, Habbema JDF (1991) The
reproductive lifespan of Onchocerca volvulus in West African savanna. Acta Trop
48: 271–284.
50. Fulford AJ, Butterworth AE, Ouma JH, Sturrock RF (1995) A statistical
approach to schistosome population dynamics and estimation of the life-span of
Schistosoma mansoni in man. Parasitology 110: 307–316.
51. de Kraker ME, Stolk WA, van Oortmarssen GJ, Habbema JDF (2006) Model-
based analysis of trial data: microfilaria and worm-productivity loss after
diethylcarbamazine-albendazole or ivermectin-albendazole combination ther-
apy against Wuchereria bancrofti. Trop Med Int Health 11: 718–728.
52. Basa ´n ˜ez MG, Pion SDS, Boakes E, Filipe JAN, Churcher TS, et al. (2008)
Effect of single-dose ivermectin on Onchocerca volvulus: a systematic review and
meta-analysis. Lancet Infect Dis 8: 310–322.
53. Riley S, Donnelly CA, Ferguson NM (2003) Robust parameter estimation
techniques for stochastic within-host macroparasite models. J Theor Biol 225:
419–30.
54. Basa ´n ˜ez MG, Collins RC, Porter CH, Little MP, Brandling-Bennett D (2002)
Transmission intensity and the patterns of Onchocerca volvulus infection in human
communities. Am J Trop Med Hyg 67: 669–679.
55. Duerr HP, Leary CC, Eichner M (2006) High infection rates at low
transmission potentials in West African onchocerciasis. Int J Parasitol 36:
1367–1372.
56. Riley S, Carabin H, Be ´lisle P, Joseph L, Tallo V, et al. (2008) Multi-host
transmission dynamics of Schistosoma japonicum in Samar province, the
Philippines. PLoS Med 5: e18. doi:10.1371/journal.pmed.0050018.
57. French MD, Churcher TS, Gambhir M, Fenwick A, Webster JP, et al. (2010)
Observed reductions in Schistosoma mansoni transmission from large-scale
administration of praziquantel in Uganda: a mathematical modelling study.
PLoS Negl Trop Dis 4: e897. doi:10.1371/journal.pntd.0000897.
58. Winnen M, Plaisier AP, Alley ES, Nagelkerke NJ, van Oortmarssen G, et al.
(2002) Can ivermectin mass treatments eliminate onchocerciasis in Africa? Bull
World Health Organ 80: 384–391.
59. Molyneux DH, Hopkins DR, Zagaria N (2004) Disease eradication,
elimination and control: the need for accurate and consistent usage. Trends
Parasitol 20: 347–351.
60. Waghorn TS, Leathwick DM, Miller CM, Atkinson DS (2008) Brave or
gullible: testing the concept that leaving susceptible parasites in refugia will
slow the development of anthelmintic resistance. N Z Vet J 56: 158–163.
61. Anderson RM, May RM (1992) Infectious diseases of humans. Dynamics and
control. Oxford: Oxford University Press.
62. Duerr HP, Eichner M (2010) Epidemiology and control of onchocerciasis: the
threshold biting rate of savannah onchocerciasis in Africa. Int J Parasitol 40:
641–650.
63. Basa ´n ˜ez MG, Churcher TS, Grillet ME (2009) Onchocerca-Simulium interactions
and the population and evolutionary biology of Onchocerca volvulus. Adv Parasitol
68: 263–313.
64. Duerr HP, Dietz K, Eichner M (2005) Determinants of the eradicability of
filarial infections: a conceptual approach. Trends Parasitol 21: 88–96.
65. Duerr HP, Raddatz G, Eichner M (2011) Control of onchocerciasis in Africa:
threshold shifts, breakpoints and rules for elimination. Int J Parasitol 41:
581–589.
66. Gambhir M, Bockarie M, Tisch D, Kazura J, Remais J, et al. (2010)
Geographic and ecologic heterogeneity in elimination thresholds for the major
vector-borne helminthic disease, lymphatic filariasis. BMC Biol 8: 22.
67. Schwab AE, Churcher TS, Schwab AJ, Basa ´n ˜ez MG, Prichard RK (2007) An
analysis of the population genetics of potential multi-drug resistance in
Wuchereria bancrofti due to combination chemotherapy. Parasitology 134:
1025–1040.
68. Churcher TS, Schwab AE, Prichard RK, Basa ´n ˜ez MG (2008) An analysis of
genetic diversity and inbreeding in Wuchereria bancrofti: implications for the
spread and detection of drug resistance. PLoS Negl Trop Dis 2: e211.
doi:10.1371/journal.pntd.0000211.
69. Churcher TS, Basa ´n ˜ez MG (2008) Density dependence and the spread of
anthelmintic resistance. Evolution 62: 528–537.
70. Churcher TS, Pion SDS, Osei-Atweneboana MY, Prichard RK, Awadzi K,
et al. (2009) Identifying sub-optimal responses to ivermectin in the treatment of
River Blindness. Proc Natl Acad Sci USA 106: 16716–16721.
71. Churcher TS, Basa ´n ˜ez MG (2009) Sampling strategies to detect anthelmintic
resistance: the perspective of human onchocerciasis. Trends Parasitol 25:
11–17.
72. Xu D, Curtis J, Feng Z, Minchella DJ (2005) On the role of schistosome mating
structure in the maintenance of drug resistant strains. Bull Math Biol 67:
1207–1226.
73. Castillo-Chavez C, Feng Z, Xu D (2008) A schistosomiasis model with mating
structure and time delay. Math Biosci 211: 333–341.
74. Feng Z, Curtis J, Minchella DJ (2001) The influence of drug treatment on the
maintenance of schistosome genetic diversity. J Math Biol 43: 52–68.
75. Lu DB, Rudge JW, Wang TP, Donnelly CA, Fang GR, et al. (2010)
Transmission of Schistosoma japonicum in marshland and hilly regions of China:
parasite population genetic and sibship structure. PLoS Negl Trop Dis 4: e781.
doi:10.1371/journal.pntd.0000781.
76. Norton AJ, Gower CM, Lamberton PH, Webster BL, Lwambo NJ, et al.
(2010) Genetic consequences of mass human chemotherapy for Schistosoma
mansoni: population structure pre- and post-praziquantel treatment in
Tanzania. Am J Trop Med Hyg 83: 951–957.
77. Prichard RK, Basa ´n ˜ez MG, Boatin BA, McCarthy JS, Garcı ´a HH, et al. (2012)
A research agenda for helminth diseases of humans: intervention for control
and elimination. PLoS Negl Trop Dis 6: e1549. doi:10.1371/journal.
pntd.0001549.
78. McCarthy JS, Lustigman S, Yang GJ, Barakat RM, Garcı ´a HH, et al. (2012) A
research agenda for helminth diseases of humans: diagnostics for control and
elimination programmes. PLoS Negl Trop Dis 6: e1601. doi:10.1371/
journal.pntd.0001601.
79. Bottomley C, Isham V, Basa ´n ˜ez MG (2005) Population biology of multispecies
helminth infection: interspecific interactions and parasite distribution.
Parasitology 131: 417–433.
80. Fenton A (2008) Worms and germs: the population dynamic consequences of
microparasite-macroparasite co-infection. Parasitology 135: 1545–1560.
81. Gurarie D, King CH (2005) Heterogeneous model of schistosomiasis
transmission and long-term control: the combined influence of spatial variation
and age-dependent factors on optimal allocation of drug therapy. Parasitology
130: 49–65.
82. Gurarie D, Seto EY (2009) Connectivity sustains disease transmission in
environments with low potential for endemicity: modelling schistosomiasis with
hydrologic and social connectivities. J R Soc Interface 6: 495–508.
83. Raso G, Matthys B, N’Goran EK, Tanner M, Vounatsou P, et al. (2005)
Spatial risk prediction and mapping of Schistosoma mansoni infections among
schoolchildren living in western Co ˆte d’Ivoire. Parasitology 131: 97–108.
84. Yang GJ, Vounatsou P, Zhou XN, Tanner M, Utzinger J (2005) A Bayesian-
based approach for spatio-temporal modeling of county level prevalence of
Schistosoma japonicum infection in Jiangsu province, China. Int J Parasitol 35:
155–162.
85. Crainiceanu C, Diggle P, Rowlingson B (2008) Bivariate binomial spatial
modeling of Loa loa prevalence in tropical Africa. J Am Stat Assoc 103: 21–38.
86. Clements AC, Lwambo NJ, Blair L, Nyandindi U, Kaatano G, et al. (2006)
Bayesian spatial analysis and disease mapping: tools to enhance planning and
implementation of a schistosomiasis control programme in Tanzania. Trop
Med Int Health 11: 490–503.
87. Clements AC, Firth S, Dembele ´ R, Garba A, Toure ´ S, et al. (2009) Use of
Bayesian geostatistical prediction to estimate local variations in Schistosoma
haematobium infection in western Africa. Bull World Health Organ 87: 921–929.
88. Pullan RL, Gething PW, Smith JL, Mwandawiro CS, Sturrock HJ, et al. (2011)
Spatial modelling of soil-transmitted helminth infections in Kenya: a disease
control planning tool. PLoS Negl Trop Dis 5: e958. doi:10.1371/
journal.pntd.0000958.
89. Kolaczinski JH, Kabatereine NB, Onapa AW, Ndyomugyenyi R,
Kakembo AS, et al. (2007) Neglected tropical diseases in Uganda: the prospect
and challenge of integrated control. Trends Parasitol 23: 485–493.
90. Simoonga C, Utzinger J, Brooker S, Vounatsou P, Appleton CC, et al. (2009)
Remote sensing, geographical information systems and spatial analysis for
schistosomiasis epidemiology and ecology in Africa. Parasitology 136:
1683–1693.
91. Brooker S, Clements AC (2009) Spatial heterogeneity of parasite co-infection:
determinants and geostatistical prediction at regional scales. Int J Parasitol 39:
591–597.
92. Sturrock HJ, Gething PW, Clements AC, Brooker S (2010) Optimal survey
designs for targeting chemotherapy against soil-transmitted helminths: effect of
www.plosntds.org 10 April 2012 | Volume 6 | Issue 4 | e1548spatial heterogeneity and cost-efficiency of sampling. Am J Trop Med Hyg 82:
1079–1087.
93. Little MP, Basa ´n ˜ez MG, Breitling LP, Boatin BA, Alley ES (2004) Incidence of
blindness during the Onchocerciasis Control Programme in western Africa,
1971–2002. J Infect Dis 189: 1932–1941.
94. Little MP, Breitling LP, Basa ´n ˜ez MG, Alley ES, Boatin BA (2004) Association
between microfilarial load and excess mortality in onchocerciasis: an
epidemiological study. Lancet 363: 1514–1521.
95. Webster JP, Koukounari A, Lamberton PH, Stothard JR, Fenwick A (2009)
Evaluation and application of potential schistosome-associated morbidity
markers within large-scale mass chemotherapy programmes. Parasitology 136:
1789–1799.
96. Guyatt HL, Chan MS, Medley GF, Bundy DAP (1995) Control of Ascaris
infection by chemotherapy: what is the most cost-effective option? Trans R Soc
Trop Med Hyg 89: 16–20.
97. Guyatt HL, Tanner M (1996) Different approaches to modelling the cost-
effectiveness of schistosomiasis control. Am J Top Med Hyg 55: 159–164.
98. Carabin H, Chan MS, Guyatt HL (2000) A population dynamic approach to
evaluating the impact of school attendance on the unit cost and effectiveness of
school-based schistosomiasis chemotherapy programmes. Parasitology 121:
171–183.
99. Prescott NM (1987) The economics of schistosomiasis control. Parasitol Today
3: 21–24.
100. Michael E, Myrowitsch DW, Simonsen PE (1996) Cost and cost-effectiveness
of mass diethylcarbamazine chemotherapy for the control of bancroftian
filariasis: comparison of four strategies in Tanzania. Trop Med Int Health 1:
414–426.
101. Brooker S, Kabatereine NB, Fleming F, Devlin N (2008) Cost and cost-
effectiveness of nationwide school-based helminth control in Uganda: intra-
country variation and effects of scaling-up. Health Policy Plann 23: 24–35.
102. Prost A, Prescott N (1984) Cost-effectiveness of blindness prevention by the
Onchocerciasis Control Programme in Upper Volta. Bull World Health Organ
62: 765–802.
103. Hoerauf A, Specht S, Bu ¨ttner M, Pfarr K, Mand S, et al. (2008) Wolbachia
endobacteria depletion by doxycycline as antifilarial therapy has macrofilar-
icidal activity in onchocerciasis: a randomized placebo-controlled study.
Microbiol Immunol 197: 295–311.
104. Liang S, Seto EY, Remais JV, Zhong B, Yang C, et al. (2007) Environmental
effects on parasitic disease transmission exemplified by schistosomiasis in
western China. Proc Natl Acad Sci U S A 104: 7110–7115.
105. Remais J, Liang S, Spear RC (2008) Coupling hydrologic and infectious
disease models to explain regional differences in schistosomiasis transmission in
southwestern China. Environ Sci Technol 42: 2643–2649.
106. Remais J (2010) Modelling environmentally-mediated infectious diseases of
humans: transmission dynamics of schistosomiasis in China. Adv Exp Med Biol
673: 79–98.
107. Hudson PJ, Cattadori IM, Boag B, Dobson AP (2006) Climate disruption and
parasite-host dynamics: patterns and processes associated with warming and
the frequency of extreme climatic events. J Helminthol 80: 175–182.
108. Morgan ER, Wall R (2009) Climate change and parasitic disease: farmer
mitigation? Trends Parasitol 25: 308–313.
109. Yang GJ, Utzinger J, Lv S, Qian YJ, Li SZ, et al. (2010) The Regional Network
for Asian Schistosomiasis and Other Helminth Zoonoses (RNAS+): target
diseases in face of climate change. Adv Parasitol 73: 101–135.
110. Yang GJ, Vounatsou P, Zhou XN, Tanner M, Utzinger J (2005) A potential
impact of climate change and water resource development on the transmission
of Schistosoma japonicum in China. Parassitologia 47: 127–134.
111. Zhou XN, Yang GJ, Yang K, Wang XH, Hong QB, et al. (2008) Potential
impact of climate change on schistosomiasis transmission in China. Am J Trop
Med Hyg 78: 188–194.
112. Mangal TD, Paterson S, Fenton A (2008) Predicting the impact of long-term
temperature changes on the epidemiology and control of schistosomiasis: a
mechanistic model. PLoS ONE 3: e1438. doi:10.1371/journal.pone.0001438.
113. malERA Consultative Group on Modeling (2011) A research agenda for
malaria eradication: modeling. PLoS Med 8: e1000403. doi: 10.1371/
journal.pmed.1000403.
114. National Institute of General Medical Sciences (2012) Models of infectious
disease agent study. Available: http://www.nigms.nih.gov/Initiatives/
MIDAS/. Accessed 29 March 2012.
115. Lustigman S, Prichard RK, Gazinelli A, Grant WN, Boatin BA, et al. (2012) A
research agenda for helminth diseases of humans: the problem of helminthi-
ases. PLoS Negl Trop Dis 6: e1582. doi:10.1371/journal.pntd.0001582.
116. Hackett LW (1937) Malaria in Europe: an ecological history. Oxford: Oxford
University Press.
www.plosntds.org 11 April 2012 | Volume 6 | Issue 4 | e1548